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[1] The horizontal and vertical transport of biomass fire emissions in West Africa for
January 1999, are examined using all available data including wind, fire, aerosol,
precipitation, lightning and outgoing longwave radiation. Ozonesonde data from the
Aerosols99 Trans-Atlantic cruise are also included with rain and wind analyses. The
results here support earlier studies that ozone and ozone precursors associated with
biomass burning are confined to the lower troposphere primarily due to the lack of deep
convection over land areas. Ozone and its precursors are horizontally transported
equatorward or toward the west by winds in the 1000–700 hPa layers. However, rising
adiabatic motions associated with the diurnal evolution of the West African planetary
boundary layer can transport ozone and its precursors vertically into the free troposphere
above the marine boundary layer. Moreover, lightning from South America, Central Africa
and mesoscale convective systems in the Gulf of Guinea can lead to elevated ozone
mixing ratios in the middle and upper troposphere of the tropical south Atlantic. The
results presented here shed light of the proposed ozone paradox during Northern
Hemisphere winter. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols and

particles (0345, 4801); 0365 Atmospheric Composition and Structure: Troposphere—composition and

chemistry; 0368 Atmospheric Composition and Structure: Troposphere—constituent transport and chemistry;

3324 Meteorology and Atmospheric Dynamics: Lightning; KEYWORDS: biomass burning, West Africa, winter

season
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1. Introduction

[2] During the Northern Hemisphere winter season bio-
mass burning is found in the Northern Hemisphere north of
the rain forest (�5–15�N) [Grégoire et al., 1999]. Satellite
estimates [Fishman et al., 1991] and ship measurements,
however, show lower values of tropospheric ozone over the
north tropical Atlantic just downstream of fires relative to
the south Tropical Atlantic therefore denoted as the ‘‘Ozone
Paradox’’ [Thompson et al., 2000]. On the basis of the work
of Thompson et al. [2000], relatively high ozone mixing
ratios were confined to altitudes less than 5 km in the north
tropical Atlantic and to the layer between 5 km and 15 km
in the south tropical Atlantic. They attribute this pattern to

biomass burning north of the Equator and a combination of
interhemispheric transport, aged stratospheric-upper tropo-
spheric ozone and ozone supplied by lightning nitric oxide.
[3] During the time period of January 21st through

February 14th, 1999 surface ship measurements and ozone
soundings were conducted [Thompson et al., 2000; Bates et
al., 2001]. The ship’s transect began at Norfolk, Virginia
(37�N, 76�W) and ended at Cape Town, South Africa (34�S,
22�E). Ozonesondes were launched each day at approxi-
mately 1200 UTC. We examine further the ozone vertical
profiles and the associated tropical circulation during the
period of January 23rd through January 28th when the ship
made its closest approach to West Africa and biomass
burning is widespread.
[4] Figure 1 shows the 6 ozonesondes for the January

23rd through January 28th timeframe. As defined by
Thompson et al. [2000], all of the ozonesondes except the
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Figure 1. Ozonezonde profiles launched during the Ship Campaign. (a) 1/23, (b) 1/24, (c) 1/25, (d) 1/26,
(e) 1/27, (f) 1/28. Vertical axis is altitude in km, horizontal axis represents ozone mixing ratio in units of
ppbv.
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last one fall in zone 2 (14�N–0). This zone is characterized
by relatively high ozone in the 0–5 km range while in zone
3 (0–23�S) there is more ozone in the 5–10 km altitude
range [Thompson et al., 2000]. This pattern is generally
followed except that there are multiple peaks of higher
ozone values in the lower, middle and upper troposphere on
day 1 (Figure 1a) and two broad peaks on days 3, 4, and 5
(Figures 1c–1e) in the lower and middle troposphere. In
profiles that have two ozone peaks, the peaks tend to occur
between 2–3 km and near 8 km. The lower troposphere
peaks are likely associated with biomass burning while
lightning is most likely associated with higher values in
the middle troposphere [Thompson et al., 2000].
[5] Bates et al. [2001] identified the meteorological

regimes during the AEROSOLS99 ship cruise for zones 2

and 3. In the latitudinal band of 15.5�N–8�N there was
anticyclonic flow associated with the Azores high, which
brought aerosols having a chemical signature of mineral
dusts. In this zone, Figure 1 shows elevated ozone mixing
ratios (55–75 ppbv) in the 1–5 km altitude range. As the
ship moved in the latitudinal band of 8�N–3�N, wind
direction shifted from the northeast to southeast with
aerosols having a chemical signature of mineral dust and
biomass burning. Figure 1d shows that the highest lower
tropospheric value of ozone (80–90 ppbv) at 5.5�N in this
zone. In the latitudinal band of 3�N–5�S southeasterly
winds increased in speed and aerosols had a chemical
signature associated with biomass burning. Figure 1e shows
elevated ozone mixing ratio at approximately 3 km in
agreement with back trajectory analysis by Voss et al.

Figure 2. (a) January 1999 geographic distribution of Fires in West Africa, (b) January 1999 West
African aerosol indices, (c) Outgoing longwave longwave radiation (W-m�2) over Western Africa, the
adjacent Tropical Atlantic for January 1999. Contours are shaded for values less than 240 W-m�2.
(d) CMAP rain rates over Western Africa, the adjacent Tropical Atlantic for January 1999. Units are mm-
day�1. Contours are shaded for values greater than 4 mm-day�1.
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[2001b]. At 2.2�S, the highest ozone mixing ratios are
found at altitudes above 5 km, and are most likely due to
lightning [Thompson et al., 2000].
[6] The purpose of this paper is to examine the winter

season circulation during 1999 in order to determine both
horizontal and vertical transport processes that would be
associated with ozone or ozone precursors from biomass
burning in West Africa. A second purpose is to examine the
properties of the atmosphere associated with the vertical and
horizontal transport of ozone and ozone precursors during

the period of January 23rd through January 28th in order to
understand the daily ozone profiles in the AEROSOLS99
Ship campaign.

2. Data Description

[7] The NCEP reanalysis [Kalnay et al., 1996] averaged
for January 1999 and January 23rd–January 28th 1999 are
used at horizontal resolution of 2.5� � 2.5�. The 1999
monthly fire count data is produced from the Along

Figure 3. January 1999 Zonal wind speeds and wind streamlines. (a) 925 hPa; (b) 700 hPa; (c) 500 hPa;
(d) 200 hPa. Units are m/s. Easterly winds <�4 m/sec are shaded, darkest shading corresponds to winds
<�12 m/s.
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Tracking Scanning Radiometer (ATSR) instrument which
has a horizontal resolution of 1 km and a swath width of
512 km. Fires are identified at a fixed threshold of 312�K
[Arino and Melinotte, 1995]. The monthly and daily
aerosol indices during January 1999 are produced on a
1� � 1.25�. It results from the Earth Probe TOMS
measurements [Herman et al., 1997; Torres et al., 1998].
[8] Rain estimates during the period of November–

March 1998–1999 come from the TRMM Precipitation
Radar (TRMM PR) at 2 km above the surface on a high-
resolution (0.5� � 0.5�) grid [Kummerow et al., 1998] and
the TRMM Merged rain product [Adler et al., 2000].
Unconditional rain (convective or stratiform rain), convec-
tive and stratiform rain rates along with stratiform and
convective mean storm heights are presented from the
TRMM PR [Jenkins, 2000]. TRMM daily Rain estimate
are computed from satellite derived and rain gauge esti-
mates for the period of January 23rd to January 28th on a
1� � 1� grid [Huffman et al., 2001]. Monthly merged rain
estimates (CMAP) for 1999 are produced on a 2.5� � 2.5�
grid [Xie and Arkin, 1997]. Ozonesonde data for the
Aerosols99 ship campaign was obtained from the
SHADOZ website [Thompson et al., 2000; Thompson et
al., 2003].

3. Results

3.1. 1999 January Monthly Averaged
Circulation and Precipitation

[9] Figures 2a and 2b show the geographic distribution
of monthly fire and aerosol indices during January 1999.
Fires were located in the latitudinal range of 5�N and 15�N
and extended from the coastline eastward to 35�E. High
value of aerosol indices (>1.4) are found to the west and
south of the region of the biomass burning which is the
downstream of fires. For the time period of October 1998
through March 1999, the highest fire counts and aerosol
index values are found during January 1999. This highly
correlated pattern is consistent with the results from
Goloub and Arino [2000]. Figures 2c and 2d show the
Outgoing Longwave Radiation and the Precipitation rate
during January 1999. During November and December the
lowest OLR values are found over the central Atlantic near
30�W (not shown), while during January and February the
pattern of low OLR values are nearly zonal. The OLR
values over the tropical Atlantic during January are some-
what lower than the climatological values (not shown) and
suggestive of more frequent incidence of the deep convec-
tion. The highest precipitation rates are generally found
over the Atlantic between the longitudes of 40�W–20�W
and the latitudes of the Equator to 10�N, corresponding to
the region with the low value of OLR. The precipitation
rate over the ocean off the Southern coast of the West
Africa is about 2 mm/day higher than the climatology
averaged from 1979 through 1992 (not shown). During
January 1999, relatively high precipitation rates and low
OLR found off the southern coast of the West Africa, i.e.,
downstream of the fire imply that the convection there
could serve as a site for vertical transport of ozone and its
precursor from the PBL into the free troposphere.
[10] Figures 3 shows the 925, 700, 500 and 200 hPa zonal

winds and streamlines for January 1999. At the lowest

altitudes (925 hPa) northeasterly and southeasterly winds
converge near 5�N with the general flow directed out
toward the Atlantic Ocean. Stronger easterly and northeast-
erly winds are found over the ocean areas away from the
West African coastline. Hence rising plumes of air from
biomass burning would be transported toward the Atlantic
Ocean in the absence of moist convective processes. At
700 hPa, strong easterly winds just equatorward of an
anticyclone are found to persist from November 1998
through February 1999. A large zone of easterly winds with
speeds greater than 8 m/s can be found in extreme southern
sectors of West Africa, while the core of strongest winds
(>12 m/s) is found over the ocean. Thus ozone or its
precursors that are vertically transported to this pressure
level would be rapidly transported westward over the
Atlantic Ocean. At 500 hPa an anticyclone is centered
between 5–15�N and easterly winds are found equatorward
of the anticyclone’s axis. Zonal wind at this pressure level is
weaker than those found at 700 hPa. At 200 hPa, westerly
winds are found throughout most of the tropical Atlantic,
except for ocean areas adjacent to Central Africa.
[11] Figures 4a shows a vertical cross-section of TRMM

PR unconditional rain rates at 10�W during January 1999.
We find the highest rain rates at altitudes lower than 5 km
and mainly confined to latitudes near the Equator and in the
Southern Hemisphere. The TRMM PR and TRMM Merged
rain rates are approximately 4–5 mm/day over the ocean
areas just equatorward of the West African coastline (2�S–
5�N, 25�W–10�E) during November 1998 through March
1999 (Figure 4b). Convective and stratiform rain occurs in
this region with the convective rain producing most of the
rain (Figure 4c). Convective rain accounts for more than
65% of the total rain, while stratiform rain accounts for 25–
35% of the rain during November 1998 through February
1999.
[12] The mean convective storm heights (height with the

minimum detectable reflectivity �17 DBZ) and mean
stratiform storm heights (level of the melting layer) are
generally between 5 and 6 km from November through
February during 1998–1999 (Figures 4d). These storm
heights are consistent with relatively high OLR values
and imply that the vertical transport of ozone and its
precursors via convection would be confined to altitudes
lower then 6 km. Higher mean convective and stratiform
heights are found during March as 1998 as the region of
heaviest rainfall moves poleward with the onset of Northern
Hemisphere spring season.

3.2. Circulation, Ozone, Aerosols, Precipitation and
Lightning During 23rd––28th January 1999

[13] Examination of Figure 1 shows dual or multiple
peaks in the ozone vertical profiles from January 23rd
through January 28th. Here, we link the horizontal and
vertical transport processes to the ozone measurements with
the objective of identifying the cause of these peaks in
ozone mixing ratio.
3.2.1. Horizontal Circulation
[14] Figure 5 shows the mean 11-day (January 18th–

28th) wind fields at 925, 850, 700, 500, 300 and 200 hPa
and the location of the ship from January 23rd–28th. The
prevailing lower tropospheric winds during this period
have an easterly component with a core of strong winds
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at 700 hPa just off the coast of West Africa. Anticyclonic
flow is found in the middle/upper troposphere with easterly
winds located to equatorward side and westerly
winds located to the poleward side of the anticyclone
(Figure 5d–5f). Prevailing westerly winds are found north
of the Equator at 200 hPa during the 11 day period.
[15] Five-day back trajectories from the location of the

ship show good agreement with mean easterly winds in the
lower troposphere (925, 850 and 700 hPa) (Figure 6). At
the lowest level, the air has its origins over northwest or
western Africa during January 23rd–26th. After this time
the origin of the air is less certain, but a likely source region
is the Southern Tropical Atlantic. This may be related to the
decrease of the ozone mixing ratio in the lower troposphere
(Figure 1e and 1f). At 850 and 700 hPa, the origin of the air

is either West Africa or just downstream of it. Consequently,
ozone mixing ratios would be elevated at these levels
relative to 925 hPa. Elevated ozone mixing ratios can be
found below 5 km from January 23rd through January 28th
(Figure 1).
[16] The greatest variations in the back trajectory analysis

are found in the middle/upper (500 and 300 hPa) tropo-
sphere (Figure 6). For example at 500 hPa, the North
Tropical Atlantic is the origin of air during January 23rd–
January 25th, while the South Tropical Atlantic is the source
of the air from January 26th–January 28th. A similar degree
of variability is also found at 300 hPa. We believe that the
primary reason is due to northeastward propagating anti-
cyclones in the middle/upper troposphere. Figures 7 and
8 shows the 500 and 300 hPa instantaneous flow at

Figure 4. (a) November 1998–March 1999 TRMM PR Convective and Stratiform Rain Rates for
(2�S–5�N, 25�W–10�E); (b) November 1998–March 1999 TRMM PR Convective and Stratiform mean
storm heights for (2�S–5�N, 25�W–10�E); Units for rain rates are mm-day�1, units for storm heights are
meters; (c) November 1998–March 1999 TRMM PR Convective and Stratiform Rain Rates for (2�S–
5�N, 25�W–10�E); (d) November 1998–March 1999 TRMM PR Convective and Stratiform mean storm
height for (2�S–5�N, 25�W–10�E). Units for rain rates are mm-day�1, units for storm heights are meters.
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Figure 5. January 18–28th time averaged zonal winds and streamline. (a) 925 hPa, (b) 850 hPa,
(c) 700 hPa, (d) 500 hPa, (e) 300 hPa, (f) 200 hPa. Units are m/s. Easterly winds <�4 m/s are shaded,
darkest shading corresponds to winds <�12 m/s. The ship locations for the period of January 23–28th
are represented by a black circle.
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Figure 6. Five day Kinematic back trajectory analysis at 925, 800, 700, 500 and 300 hPa. (a) 1/23,
(b) 1/24, (c) 1/25, (d) 1/26, (e) 1/27, (f) 1/28.
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Figure 6. (continued)
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Figure 7. 500 hPa Zonal wind speeds and wind streamlines. (a) 1/23, (b) 1/24, (c) 1/25, (d) 1/26,
(e) 1/27, (f ) 1/28. Units are m/s. Easterly winds <�4 m/sec are shaded, darkest shading corresponds to
winds <�12 m/s. The ship locations for the period of January 23–28th are represented by a black circle.
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Figure 8. Same as Figure 7 except for 300 hPa.
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Figure 9. Ozone mixing ratios from the ozonesonde launches at various pressure levels from 1/23/99–
1/28/99. (a) Lower troposphere; (b) middle troposphere; (c) upper troposphere. Units are ppbv.
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Figure 10. Daily Aerosol Indices over West Africa and the Tropical Atlantic. (a) 1/23, (b) 1/24, (c) 1/25,
(d) 1/26, (e) 1/27, (f) 1/28. The ship locations at the time of the ozonesonde launch are represented by a
black.
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1200 UTC and the approximate position of the ship. In each
case, the ship passed through the poleward and equatorward
sides of the anticyclone. Moreover, the anticyclones had
their origins near South America.
3.2.2. Ozone Mixing Ratios and Aerosols
[17] The ozone mixing ratios averaged over various

pressure levels in the lower, middle and upper troposphere

are shown in Figures 9a–9c. In the lower troposphere the
highest ozone mixing ratios are found in the 850–700 hPa
layer each day. An average ozone mixing ratio of 52 ppbv is
found during the 6 days in the 850–700 hPa layer compared
to 31 and 37 ppbv in the surface-925 hPa and 925–850 hPa
layers, respectively (Figure 9a). The ozone mixing ratio of
the lower troposphere (especially from the surface to

Figure 11. Daily rain rates over the Tropical Atlantic. (a) 1/23, (b) 1/24, (c) 1/25, (d) 1/26, (e)1/27, (f )
1/28. Units are mm-day�1. The ship location at the time of the ozonesonde launch is represented by a black.
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Figure 12. Daily profiles of the virtual potential temperature during the Ship Campaign. (a) 1/23,
(b) 1/24, (c) 1/25, (d) 1/26, (e) 1/27, (f) 1/28.
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850 hPa) is relatively high from January 25th–27th when
the ship is located downstream of biomass burning over
West Africa but undergoes a significant decrease on January
28th in association with a wind direction change from
northeasterly to southeasterly. In the middle troposphere
higher average ozone mixing ratios tend to occur during
January 26th through January 28th. In January 28th rela-
tively high ozone mixing ratios are found at altitudes above
600 hPa. The middle troposphere average ozone mixing
ratios vary between 52 and 56 ppbv during the 6 days with
the highest value of 56 ppbv found in the 500–400 hPa
layer (Figure 9b). In the upper troposphere, the highest
ozone mixing ratios are found in the 400–300 hPa layer. In
this layer, there is an increase in the second portion of the
period, with values approaching 84 ppbv on January 28th
(Figure 9c). We believe that the high values on January 28th
are associated with MCSs just off the coast of West Africa,
which produced lightning (see below) and may also have
vertically transported ozone and ozone precursors from
areas of biomass burning into the middle/upper troposphere.
The ozone mixing ratio averaged in the upper troposphere
has a range of 44–52 ppbv with the highest values in the
400–300 hPa layer.
[18] Figures 10a–10f shows the daily aerosol index over

West Africa and the Tropical Atlantic Ocean. On January
23rd through January 24th, high aerosol indices are found
primarily over land areas, extending just offshore into the

Gulf of Guinea (Figures 10a and 10b). However, beginning
on January 25th and running through January 28th, a
westward propagation of higher aerosol indices is found
(Figures 10c–10f). The ship is on the western boundary of
this westward propagating area of high aerosol indices and
therefore may have missed the highest aerosol index values.
These results are in agreement with Voss et al. [2001a]
which measured the highest Aerosol Optical Depth (AOD)
from January 25th through January 28th1999 on the Aero-
sols99 Cruise. These aerosols are being carried westward by
easterly winds in the lower or middle troposphere. The
aerosols are produced through biomass burning and there-
fore associated with ozone. Consequently, the horizontal
transport of aerosols is probably occurring in the 850–
700 hPa layer where the highest ozone mixing ratios are
found (Figure 9).
3.2.3. Precipitation, Vertical Motions, and Lightning
[19] Daily precipitation rates as estimated from satellites

show precipitation near the location of the ship during
January 26th–January 28th (Figure 11). Over land areas
there little or no precipitation is found during this period.
Consequently, the vertical transport of ozone or its precur-
sors is unlikely through convective processes over land.
[20] The lack of convection over West Africa leads to the

conclusion that vertical transport of ozone and its precursors
most likely occurs through adiabatic lifting. The marine
boundary layer (MBL) depth of 0.5 and 2 km is estimated

Figure 13. NCEP 1000–600 hPa vertical cross-section of Potential Temperatures at 10�W. (a) January
1999 and (b) February 1999. Units are degree K.
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through virtual potential temperature (qv) from ship mea-
surements (Figure 12). This value differs from Bates et al.
[2001] who suggested a well- mixed MBL up to 7 km using
relative humidity the measure of MBL depth. We believe
that qv provides a better estimate of MBL depth because RH
is a function of temperature. Consequently, near saturated
atmospheric conditions (as estimated from RH) do not
necessarily imply significant vertical mixing as air temper-
atures are also varying with height. Moreover, the height
of MBL does not undergo significant diurnal variations
because of the ocean’s large thermal heat capacity. Land
areas over West Africa have a deeper PBL depth and
undergo significant variations in depth because of the low
thermal heat capacity of land. The NCEP reanalysis data
suggests that the PBL reaches its greatest depths between
1200 and 1800 UTC. The estimated depth of the PBL
over West Africa is 2–3 km. Contours of north-south and
east-west vertical cross sections of potential temperature for
January 1999 are consistent with the work of Jonquieres et
al. [1998] which show that parcels of air over land areas of
West Africa would flow above the marine boundary layer
through adiabatic motion (Figure 13).
[21] The production of ozone (4–8 ppbv per day) as a

result of lightning in Central Africa has been suggested by
Thompson et al. [2000]. A large number of lightning flashes
as detected by the LIS instrument are found near the
continental outflow regions of both South American and
Central Africa from December 1998 through March 1999
(Figure 14a). Central Africa has a larger number of light-
ning flashes (>10,000 flashes per month) but the prevailing
winds are westerly making South America a more likely
candidate for high ozone mixing ratios above 300 hPa.
Ozone mixing ratios in the middle troposphere during
January 1999 and during the Aerosols99 campaign are
likely enhanced by lightning in Central Africa since the
prevailing winds are easterly.
[22] During the period of January 20th through January

31st an average of 354 lightning flashes per day (Figure 14b)
occurred in continental outflow regions of South America
(0–20�S, 56�W–36�W). An average of 543 flashes per day
occurred in continental outflow regions of Central Africa
(4�N–16�S, 9�E–29�E). Near the end of January, the
number of lightning flashes in Central Africa significantly
larger than that in South America. Moreover, the rain cluster
located off the coast of West Africa was associated with the
lightning (61 flashes detected by LIS) during the morning
of January 27th. From the streamline distribution of the
middle and upper troposphere (Figures 7 and 8), we suggest
that the increase of the ozone mixing ratio in the middle
troposphere (8 � 10 km) is associated with the lightning
from the rain cluster located off the coast of West Africa
while the increase in the upper troposphere (�13 km) comes
from the lightning over the South America. However,
the trajectory analysis as well as the distribution of the
streamline do not support lightning on January 27th as the
origin of high ozone mixing on January 28th. However,
the middle and upper troposphere trajectory analysis may be
in error due to an anticyclone near the MCSs which may
have circulated lightning produced ozone near the vicinity
of the ship.
[23] Consequently, the lack of precipitation during this

period over West Africa suggests that the vertical trans-

port of ozone, aerosols and ozone precursors into the free
troposphere can be occurring through adiabatic lifting or
vertical mixing during the afternoon hours when the
PBL height reaches its highest values. The exception is
in the Gulf of Guinea on January 27th where an MCS
associated with lightning and presumably strong updrafts
occurred.

4. Conclusion

[24] In this paper, we have examined Northern Hemi-
sphere winter circulation in the context of a ship measure-
ment campaign that took place in late January and early
February of 1999. In particular we have focused on the 6
days between January 23rd and January 28th 1999. Our
findings are:
[25] 1. The fire count and aerosol index in West Africa

had its highest values during January 1999. Moreover, fires
were located the latitude range of 5–15�N.
[26] 2. During January 1999 there is northeasterly or

easterly winds over the tropical Atlantic Ocean in the lower
troposphere from 925 hPa through 500 hPa. The time-
averaged winds for January show a quasi-stationary anticy-
clone at 700 and 500 hPa with strong zonal winds at 700 hPa
being associated with the anticyclone. At pressure levels
less than 300 hPa, the winds are westerly throughout much
of the Atlantic except for regions in the Southern Hemi-
sphere near Central Africa.
[27] 3. The lowest OLR values and the highest rain rates

are found over the Central Atlantic. Over the land areas in
West Africa, OLR values of 260–280 W-m�2 are found
implying that deep convection was rarely found during
January 1999.
[28] 4. The TRMM data shows that while convective rain

is responsible for most of the rain in areas south of the West
African coastline, the mean convective storm heights were
approximately 5–6 km again suggesting the lack of deep
convection. Lightning was found over the Central Africa
and the South America during January 1999.
[29] 5. During the January 23–27th, easterly winds in the

lower troposphere from areas of biomass burning in West
Africa appears to be responsible for the peak in ozone
mixing ratios in the 2–4 km altitude range. The vertical
transport of ozone to the lower troposphere is most likely
associated with adiabatic lifting of westward or equatorward
moving air-mass from biomass burning regions. Because of
the lack of deep convection over West Africa, biomass
burning is not responsible for elevated ozone mixing ratios
in the middle and upper troposphere. Rather, lightning and
the subsequent production of ozone from Central Africa or
South American and then horizontal transport are responsi-
ble for elevated ozone mixing ratios in the middle/upper
troposphere.
[30] 6. A transition in the circulation during Jan. 23rd–

Jan. 28th occurs near 2.2�N at 925 and 850 hPa. In this case,
the air parcels have their origins over the South Atlantic
Ocean leading to lower ozone mixing ratios. At 700 hPa, the
winds are easterly and air parcels still have their source
region in West Africa near biomass burning. In the upper
troposphere, northeastward moving anticyclones complicate
horizontal transports of air, which produces uncertainty in
the 5 day trajectory analysis.
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Figure 14. Detected lightning flashes over South American and Central African Outflow regions.
(a) Monthly total flashes and (b) January 20–31 total flashes.
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[31] 7. The high ozone mixing ratios on January 28th are
due to lightning and the venting of ozone and ozone
precursors from the lower troposphere in association with
an MCS just off the coast of West Africa on January 27th
and possibly ozone production through lightning in South
America.
[32] Overall, the results suggest that biomass burning is

an important contributor to ozone primarily in the lower
troposphere of the Northern Hemisphere during January.
The lack of deep convection during this period limits the
vertical transport of ozone and its precursors into the upper
troposphere. Consequently, ozone destruction through
photolysis and deposition is probably significant in the
PBL in regions downstream of the fires in West Africa
providing one part of the solution to the ‘‘ozone paradox’’ in
West Africa. The horizontal transport of ozone toward the
Americas by relatively strong easterly winds also limits the
accumulation of ozone in the lower troposphere. It appears,
however, that ozone is reaching the free troposphere as
evidence of high mixing ratios at 850 and 700 hPa.
Transport to the free troposphere occurs via adiabatic lifting
of westward or equatorward moving air from West Africa
above the MBL.
[33] On the basis of the results presented here, the other

solution to the ozone paradox, is that lightning directly
enhances ozone mixing ratios in the middle/upper tropo-
sphere in the south tropical Atlantic during Northern
hemisphere winter. In fact, lightning may be a more
important ozone source than biomass burning especially
in the continental outflow regions near Africa during
Northern hemisphere autumn. Model simulations by Moxim
and Levy [2000] suggests that the September, October,
November ozone maximum may have occurred prior to
the practice of biomass burning because of lightning. As
their simulations show, lightning is responsible for high
ozone mixing ratios in the upper troposphere. Moxim and
Levy [2000] show that lightning enhances O3 mixing ratios
and NO mixing ratios in the middle/upper troposphere
while biomass burning enhances O3 and NO mixing ratios
in the lower troposphere.
[34] We believe that a field experiment with sampling

over West Africa and the adjacent ocean areas will provide
the evidence to support the results presented in this paper.
Sampling the upper troposphere should link lightning from
South America, Central Africa and Atlantic MCSs to
elevated middle and upper troposphere ozone mixing ratios.
In continental areas, high ozone mixing ratios and aerosol
concentrations near the surface may be causing a significant
health risk to inhabitants, especially the young and elderly
in West Africa. Thus monitoring sites in West Africa would
help in understanding the health aspects of biomass burning
and provide an estimate ozone destruction rates between
West Africa and the adjacent Atlantic Ocean.
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